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The PalaeoproterozoiceMesoproterozoic transition (w1600 Ma) is a signiﬁcant event in the Earth history
as a global thermal perturbation affected the pre-1600 Ma landmasses. Like other cratonic blocks of the
world, lithospheric thinning, sedimentation, magmatism, metamorphism and crustal melting/anatexis
are associated with this signiﬁcant geological event in the Singhbhum cratonic province of India. This
paper is a review of sedimentological, magmatic and tectono-thermal events in the Singhbhum craton at
w1600 Ma. The Palaeo-Mesoproterozoic sedimentation and volcanism in the Singhbhum craton took
place in a terrestrial intracontinental rift setting. The available geochronological data are indicative of late
Palaeoproterozoic to Neoproterozoic tectono-thermal events in the Chhotanagpur Granite Gneissic
Complex (CGGC), an eastewest trending arcuate belt of granite gneisses, migmatites and metasedi-
mentary rocks. A detailed multidisciplinary geo-scientiﬁc investigation of the Dalma volcanic belt and
the area to its north (Chandil Formation) and further north in CGGC will enable us to constrain the extant
surface processes and crust-mantle interactions, the collision events between the North and South Indian
cratonic blocks, and the position of India in the Columbia supercontinent.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Our perception regarding Precambrian surface processes and
crustal evolution is changing rapidly with increasing accumulation
of observational data from different cratons the world over
(Eriksson, 1995; Reddy and Evans, 2009; Eriksson et al., 2012). The
Precambrian volcano-sedimentary succession of the Singhbhum
craton (Fig. 1A) is one of the few in the world that records sedi-
mentation, volcanism and tectono-thermal events fromnd Environmental Sciences,




sity of Geosciences (Beijing) and PMesoarchaean to Neoproterozoic (Mazumder, 2005; Mazumder
et al., 2012a,b and references therein; Table 1). Mukhopadhyay
(2001) has presented a detailed account of the growth and the
temporal evolution of the Archaean nucleus of Singhbhum
(encompassing various granitoids and the Meso- to Neoarchaean
Iron Ore Group supracrustals). Mazumder (2005) and Mazumder
et al. (2012a,b) have presented an updated synthesis of the Meso-
archaean to Palaeoproterozoic sedimentation, volcanism in the
Singhbhum craton and have highlighted the regional stratigraphic
issues that deserve closer scrutiny.
The PalaeoproterozoiceMesoproterozoic transition (w1600 Ma)
is a signiﬁcant event in Earth history as a global thermal perturba-
tion affecting the pre-1600 Ma landmasses was associated with it
(Condie, 1997; Zhao et al., 2002; Rogers and Santosh, 2002, 2009).
Lithospheric thinning, sedimentation, and crustal melting/anatexis
took place in most major cratonic provinces including Singhbhum
during this transition (Roy et al., 2002a; Mazumder, 2003, 2005;
Zhao et al., 2002 and references therein). Although efforts have been
made by earlier researchers to understand various geological
aspects of the late Palaeoproterozoic to Mesoproterozoic supra-
crustals of the Singhbhum (Yellur, 1977; Bhattacharya and Dasgupta,eking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. (A) Geological map showing disposition of Archaean and Proterozoic units of the Singhbhum crustal Province (after Saha, 1994; Sengupta et al., 2000; Mazumder et al.,
2012b). The arcuate shear zone occurring to the north of the Singhbhum granite and the IOG rocks is known as the Singhbhum Shear Zone (SSZ). (B) Simpliﬁed geological map
(modiﬁed after Mukhopadhyay, 2001) showing the disposition of the Older Metamorphic Group (OMG), the Older Metamorphic Tonalite Gneiss (OMTG), the Archaean granitoids
and the Iron Ore Group (IOG). Note that the IOG occurs to the east, west and south of the Archaean Singhbhum granitoid (after Mazumder et al., 2012b).
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Table 1
Geochronological data from the Singhbhum craton and summary of MesoarchaeanePalaeoproterozoiceMesoproterozoic geodynamic events (modiﬁed after Mazumder et al.,
2012a).
Event Age and data source Geochronological method
Thermal events (1500e900 Ma) 922.4  10.4 Ma; Reddy et al., 2009
1487  34 Ma; Sengupta et al., 2000
1547  20 Ma; Saha, 1994
U-Pb SHRIMP concordant age
Rb-Sr age
K-Ar age
Crystallization of Chandil rhyolite and w1600 Ma events 1628.5  4.3 Ma; Reddy et al., 2009
w1600 Ma; Nelson et al., 2007
1619  38 Ma; Roy et al., 2002a
w1580 Ma; Krishna Rao et al., 1979
1677  11 Ma; Sarkar et al., 1986
1638  38 Ma; Sengupta et al., 1994
U-Pb SHRIMP concordant age





Thermal events (2100e2000 Ma) 2072  106 Ma; Roy et al., 2002b
w2008 Ma; Iyenger et al., 1981




Thermal events w 2800 Ma (emplacement of Temperkola Granite;
emplacement of main phase of Mayurbhanj Granite)
w2800 Ma; Bandyopadhyay et al., 2001
w2800 Ma; Acharyya et al., 2010a,b
207Pb/206Pb age
U-Pb zircon age
Metamorphic event 3241  7 Ma; Mishra et al., 1999 207Pb/206Pb age
Emplacement of Singhbhum granitoid phase III 3288  8 Ma; Reddy et al., 2009 U-Pb SHRIMP concordant age
Emplacement of Singhbhum granitoid phase II 3328  7 Ma; Mishra et al., 1999
3290  8.6 Ma; Tait et al., 2011
207Pb/206Pb age
U-Pb SHRIMP concordant age
Thermal Pb-loss event w3350 Ma; Basu et al., 1996 U-Pb age
Emplacement of OMTG IOG sedimentation 3437  9 Ma; Mishra et al., 1999
3448  19 Ma; Basu et al., 2008; Acharyya et al., 2010a,b
207Pb/206Pb age
U-Pb zircon age
OMG sedimentation w3500 Ma; Mishra et al., 1999 207Pb/206Pb age
Dacitic volcanism 3506.8  2.3 Ma; Mukhopadhyay et al., 2008
(oldest Indian greenstone succession)
U-Pb SHRIMP age
Crust formation including a signiﬁcant granitoid component w3600 Ma; Mishra et al., 1999 (detrital OMG zircons) 207Pb/206Pb age
P. Chatterjee et al. / Geoscience Frontiers 4 (2013) 277e287 2791979; Gupta et al., 1980,1982; Bose et al., 1989; Bose,1994; Ray et al.,
1996; Mazumder, 2005; Mahato et al., 2008; Maji et al., 2008;
Chatterjee et al., 2010; Rekha et al., 2011; Sanyal and Sengupta, 2012
and references therein), critical analysis of these supracrustals and
a synthesis thereof, remains difﬁcult (cf. Bose, 1994; Mazumder,
2003, 2005; Sengupta and Chattopadhyay, 2004). This paper
is a review of the sedimentological, magmatic and tectono-
thermal processes in the Singhbhum craton during the late
PalaeoproterozoiceMesoproterozoic transition.
2. Geological background
The Singhbhum craton exposes a vast tract of Precambrian rocks
occupying an area of approximately 50,000 km2 (Fig. 1B). Isotopic
data from rocks of the Singhbhum craton indicate an age range
from 3500 tow900Ma (Table 1; seeMazumder et al., 2012a). Three
distinct petrotectonic zones have been identiﬁed from south to
north. These are: (1) the southern “Archaean Nucleus” comprising
Meso- to Neoarchaean granitoid rocks, the Meso- to Neoarchaean
Iron Ore Group and other supracrustals (Fig. 1A, B, see
Mukhopadhyay, 2001 andMazumder et al., 2012a,b); (2) the almost
200 km long North Singhbhum Mobile Belt (NSMB; also known as
North Singhbhum Fold Belt) comprising the Dhanjori, Chaibasa,
Dhalbhum, Dalma and the Chandil Formations, (cf. Gupta and Basu,
1991, 2000; Mazumder, 2005), and (3) the extensive granite gneiss
and migmatite terrain in the north, known as the Chhotanagpur
Granite Gneissic complex (CGGC; Fig. 1A, B). Two shear zones
(Fig. 1A) pass through the Proterozoic succession. The southern
shear zone is known as the Singhbhum Shear Zone (SSZ).
Mazumder et al. (2012a) have discussed the present status and
geological signiﬁcance of the SSZ. To summarize, the SSZ is a fold-
thrust belt along which shearing took place around 1600 Ma (cf.
Sengupta and Chattopadhyay, 2004; Mazumder et al., 2012a). The
shearing event is much younger than the 2100e2200 Ma or still
older supracrustals (Dhanjori Formation) affected by shearing. The
other shear zone, developed along the northern margin of the
NSMB, is known as the South Purulia Shear Zone (SPSZ). The SPSZ
demarcates the boundary between the NSMB and CGGC.The Palaeoproterozoic sedimentation and volcanism took place in
the basins developed along the eastern, northern and western
fringes of the Archaean Singhbhum granitoid (Fig. 1B). Cooling
down of the vast volume of Archaean Singhbhum granitoid
possibly induced an isostatic readjustment. The associated tensional
regime and deep-seated fractures controlled the formation of the
Palaeoproterozoic Singhbhum basin (Roy et al., 2002b; Mazumder,
2005). The Proterozoic volcano-sedimentary succession comprising
successively younger Dhanjori, Chaibasa, Dhalbhum, Dalma and
Chandil formations records sedimentation and volcanism in
a rapidly changing tectonic scenario (Mazumder, 2005; Eriksson
et al., 1999, 2006; Mazumder et al., 2000, 2012a,b).
The precise age of initiation of Palaeoproterozoic sedimentation
and volcanism is hitherto unknown because of non-availability
of suitable datable rock immediately overlying the Archaean
basement granitoid. Some researchers speculate that part of the
Dhanjori Formation may be of Archaean age (Acharyya et al.,
2010b). Sedimentological and volcanological aspects of the Dhan-
jori Formation have been discussed by Mazumder and Sarkar
(2004); Mazumder (2005); Bhattacharya and Mahapatra (2008);
and Mazumder and Arima (2009) while the sedimentological
aspects of the two-tiered Singhbhum Group (Chaibasa and
Dhalbhum Formations) have been discussed by a number of
authors (Bhattacharya, 1991; Bose et al., 1997; Bhattacharya and
Bandyopadhyay, 1998; Mazumder, 2005). Mazumder et al.
(2012a,b) have presented a critical synthesis of the sedimentolog-
ical and magmatic aspects of the early Palaeoproterozoic supra-
crustals of the Singhbhum craton.
3. Geochronological constraints
A Rb-Sr age of 1487  34 Ma has been determined from the
felsic tuffs of the Chandil Formation (Sengupta et al., 2000). In spite
of the metamorphic overprints, it was argued to be the age of
eruption/consolidation of the felsic volcanics (Sengupta et al.,
2000; Sengupta and Mukhopadhaya, 2000). Acharyya (2003)
found that this age probably represents a metamorphic age. The
U-Pb SHRIMP analysis of zircons from the rhyolite sample collected
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tallization age of 1629 Ma (Reddy et al., 2009; see Table 1 and
Nelson et al., 2007). Reddy et al. (2009) have also calculated the
U-Pb SHRIMP zircon ages from the youngest tuffaceous rocks of
the Dhalbhum Formation close to the Dhalbhum-Dalma strati-
graphic boundary. The youngest grain analysed is 1740 Ma and this
places an upper age limit on the Dhalbhum Formation. These data
together constrain the intervening Dalma Formation to be
late Palaeoproterozoic in age (1740e1630 Ma; see Reddy et al.,
2009; Mazumder et al., 2012a). No age data are yet available from
the upper part of the Chandil Formation. However, the intrusive
nepheline syenite body occurring close to the SPSZ is 922 Ma
old (U-Pb SHRIMP zircon concordant age, see Reddy et al.,
2009). Thus, the Dalma-Chandil supracrustals represent the late
PalaeoproterozoiceMesoproterozoic record in the Singhbhum
craton. The upper age limit of the Chandil Formation is yet to be
determined.
4. Late Palaeoproterozoic to Mesoproterozoic supracrustals
of the Singhbhum craton
4.1. Dalma Formation
The Dalma Formation is characterized by a thick sequence of
maﬁc-ultramaﬁc volcanic rocks with lenses of maﬁc agglomerates
and volumetrically minor quartzites (Dunn and Dey, 1942; Yellur,
1977; Bhattacharya and Dasgupta, 1979; Gupta et al., 1980; Bose
and Chakraborti, 1981; Singh, 1998; Mazumder and Van Loon,
2012). The stratigraphic status of the Dalma volcanic and volcani-
clastic rocks has long been a matter of conjecture (Sarkar and Saha,
1962; Gupta et al., 1980, 1982; Singh, 1998). Interested readers may
consult Mazumder (2005) for a detailed discussion. Mazumder
(2005) recommended a two-fold litho-stratigraphic subdivision of
the entire Dhalbhum-Dalma volcano-sedimentary assemblagewith
a lower Dhalbhum and upper Dalma Formations, following the
suggestions of Gupta et al. (1980) (Fig. 1A). The Dalma lava thus
conformably overlies the Dhalbhum Formation (cf. Bhattacharya
and Bhattacharya, 1970; Gupta et al., 1980; Mazumder, 2005) and
represents concordant volcanic outpouring without any signiﬁcant
break in sedimentation (cf. Bhattacharya and Bhattacharya, 1970).
The Dalma basalts are massive, highly compact, vesicular (Fig. 2)
and metamorphosed to greenschist facies. Petrographically, these
metabasalts exhibit ﬁne- to medium-grained, subophitic to inter-
granular or intersertal textures and are composed of actinolite,Figure 2. Massive and vesicular Dalma basalt interbedded with maﬁc volcaniclastics;
note fracture networks.chlorite, epidote, clinozoisite, and plagioclase with subordinate
amounts of quartz and hornblende (Gupta et al., 1980; Chakraborti
and Bose, 1985; Mazumder and Van Loon, 2012). Geochemical
studies reveal that some of the Dalma volcanics have >18% MgO
(Gupta et al., 1980, 1982; Bose et al., 1989; Bose, 2000) and
researchers have considered these as komatiites as their TiO2
content are <1% (Bose, 2009 and references therein). However,
these MgO rich volcanic rocks do not show spinifex texture (Arndt
and Nesbitt, 1982; Arndt and Fowler, 2004; Arndt et al., 2008).
Pillow structures, indicating subaquous eruption, are locally
present within the basalts (Fig. 3) along their lower stratigraphic
levels. The pillowed basaltic layers are 5e7 m thick and have an
overall steep northerly dip. Cross-sections of individual pillows
suggest ﬂow top towards the north (Mazumder and Saha, 2009).
The pillowed basalt grades into more foliated basaltic agglomeratic
rocks. The coarser agglomeratic facies consist of brown weathered
volcanic bombs of grey-green granular basalt (up to 25 cm long) set
in a ﬁne matrix with scaly foliation (Fig. 4). At places, massive
granular basalt and basaltic agglomerate are inter-banded with
common fracture networks (hydrofractures, see Mazumder and
Saha, 2009; Fig. 2) through both units. Fractures are often ﬁlled
with hydrothermal veins containing quartz-tremolite-actinolite-
epidote. The angular to rounded clasts in the agglomerate consist
of either vesicular basalt or massive basalt in a ﬁne-grained basaltic
matrix.
The Dalma volcanics were studied by a number of researchers
and the inferred palaeogeography and tectonic setting ranges from
continental rift (Dunn and Dey, 1942; De, 1964) to Island arc (Naha
and Ghosh, 1960) and even back arc (Bose and Chakraborti, 1981;
Bose, 2000 and references therein). This discrepancy stems from
the geochemical bias of the previous research, which neglected the
importance of the associated volcanogenic low-grade meta-sedi-
ments to constrain the palaeogeography. Mazumder and Van Loon
(2012) have interpreted the precursors of the metamorphosed
Dalma basaltic agglomerates as pebbly mudstones (diamictite).
These diamictites are interpreted as mass-ﬂow deposits. The
textures and mineralogical composition of the diamictites suggest
a volcanic origin of the material, most probably from the interca-
lated Dalma lavas. On this basis, it is concluded that the diamictites
represent the deposits of one or more volcanic mudﬂows. They
must have formed of material that had already travelled over
a considerable distance in the form of grain-by-grain transport, as
indicated by the presence of both rounded and distinctly broken
angular clasts (Fig. 4; see Mazumder and Van Loon, 2012), and by
the relatively small size of the clasts (if compared with those in theFigure 3. Pillow structure within Dalma basalt; coin diameter 2 cm.
Figure 5. Carbonaceous phyllite at the base of the Chandil Formation, Chandil. The
bedding is deﬁned by alternate cm-thick layers of carbonaceous slate and siltstone,
occasionally with ripple lamination.
Figure 6. w1600 Ma rhyolitic lava ﬂow within the Chandil Formation, Chandil dam
section. The banding is deﬁned by subtle colour variations and also by differential
erosional characteristics indicating primary compositional variation between bands.
See text for details.
Figure 4. Foliated maﬁc volcaniclastic rocks, Dalma Formation; note presence of
angular clasts.
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following pathways that were covered all over with volcanic
material of maﬁc composition. This transport must have taken
place under terrestrial conditions, as no marine or lacustrine
sediments are included. Bose (2009) claimed that partly subaquous
eruptive conditions during the Dalma volcanism might have
restricted the formation of spinifex texture, otherwise common in
komatiitic ﬂows. Since Dalma volcanism took place under terres-
trial conditions (largely subaerially, see Mazumder and Van Loon,
2012), and pillowed basalt, indicating subaquous eruption, consti-
tute a minor (basal) component of the entire Dalma volcanic
successions, Bose’s (2009) claim is unjustiﬁed and unambiguous
komatiitic lava, if there is any, is yet to be reported.
4.2. Chandil Formation
Themetamorphosed volcano-sedimentary succession occurring
between the Dalma Formation to the south and the CGGC to the
north is known as the Chandil Formation (Ray et al., 1996;
Mazumder, 2005). The succession is made up of metapelites,
intercalated with lenses of quartzites, metabasic and volcaniclastic
rocks (Bose, 1994, his Fig. 1, sub-basin II association; Ray et al., 1996;
Mazumder, 2005). The Chandil Formation includes quartzites, mica
schists, carbonaceous slate/phyllite, weakly metamorphosed felsic
volcanic and volcaniclastic rocks (including vitric and lithic tuffs),
and amphibolites (Bhattacharya, 1992; Bose, 1994; Ray et al., 1996;
Singh, 1997, 1998; Sengupta et al., 2000). The different litho-units
occur as eastewest trending bands with moderate northerly dips
without any structural and stratigraphic inversion (Mazumder,
2005).
The litho-units of the Chandil Formation are markedly different
from the underlying Dalma and Dhalbhum Formations. The
eastewest trending steeply dipping beds of the Chandil carbona-
ceous slate (Fig. 5) are cut by a slaty cleavage, which is gentler than
bedding. The bedding is deﬁned by alternate cm-thick layers of
carbonaceous slate and siltstone, occasionally with ripple lamina-
tion (Mazumder and Saha, 2009). The origin of carbon in the
carbonaceous slate/phyllite is hitherto unknown.
The carbonaceous metasedimentary rocks are intimately asso-
ciated with felsic tuff and rhyolitic horizons (Fig. 6). The rhyolitic
ﬂows show mm-scale ﬂow bands (Fig. 6) with common transverse
fractures. These ﬂow layers dip steeply (65e70) towards south and
the thickness is about 60 m. These rhyolites and associated felsic
tuffs are w1600 Ma old (Nelson et al., 2007; Reddy et al., 2009).Unlike other Palaeoproterozoic supracrustals of the Singhbhum
craton, the banded tuffaceous rocks (Fig. 7) constitute a signiﬁcant
portion of the Chandil Formation. The banding is deﬁned by subtle
colour variations and also by differential erosional characteristics
indicating primary compositional variation between bands (Ray
et al., 1996, their Fig. 2; Sengupta et al., 2000; Mazumder, 2005).
The tuffaceous rocks are porphyritic in nature with essentially
quartzo-feldspathic ﬁne-grained groundmass. The phenocrysts are
made up of equidimensional biotite and quartz and rarely euhedral
garnet (Ray et al., 1996, their Fig. 3; Singh, 1997; Sengupta et al.,
2000). Spherulites, accretionally lapilli and pele’s tears have been
identiﬁedwithin these rocks (Ray et al., 1996, their Figs. 3e5; Singh,
1997, 1998). At places, low angle stratiﬁcations are well preserved
within these tuffaceous rocks (Fig. 8). Ray et al. (1996) have pre-
sented a few chemical analyses of these rocks. According to these
authors, these are rhyolitic to dacitic in composition and have
major- and trace-element composition comparable with ash ﬂow
tuffs from other parts of the world (Ray et al., 1996). These tuffa-
ceous rocks represent a felsic magmatic event contemporaneous
with deposition of ﬁne-grained clastic sediments and their petro-
graphic, geochemical and isotopic characters indicate consolidation
immediately after eruption (Sengupta et al., 2000).
Figure 9. Photomicrograph of Chandil sandstone exposed at Chandil dam section.
Note rounded quartz grains and bimodal texture. See text for details.
Figure 7. Banded tuffaceous rocks showing folding, Chandil Formation, Ankro.
Hammer length 42 cm.
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lenticular, medium- to coarse-grained, poorly sorted and are
compositionally immature. Matrix content is variable, typically
around 10% but sometimes >15%. Planar or broadly undulating
master erosion surfaces (MES) occur at various stratigraphic levels,
and between any two MES, the sandstone segments ﬁne upwards
(see also Singh, 1998). The sandstones are generally trough cross-
stratiﬁed (Mazumder, 2005, his Fig. 7) and inter-banded with
tuffaceous rocks (described above). At places large channels are
well preserved (Mazumder, 2005, his Fig. 7). Palaeocurrent trend is
northward and unimodal (Mazumder, 2005). Some of the sand-
stones near the Chandil Dam contain rounded quartz grains and
show bimodal texture (Fig. 9). However sandstones occurring close
to the CGGC in and around Barabazar (23030N, 86210E) are ﬁne-
grained, relatively well sorted and bear characteristic double mud
drapes (cf. Visser, 1980; Eriksson and Simpson, 2000, 2004; Fig. 10).
The compositional and textural immaturity of the medium- to
coarse-grained sandstones constituting the lower part of the
Chandil succession (well exposed in and around the Chandil dam
section, 2258026.1200N, 861026.5900E) in combination with their
poor sediment sorting, lenticular geometry and unimodal (north-
erly) cross-strata orientation are indicative of their terrestrial
(ﬂuvial) origin (cf. Miall, 1996; Eriksson et al., 1998; Mazumder andFigure 8. Very low angle stratiﬁcation (translatent strata) within the Chandil tuffa-
ceous rocks, well exposed in the Malti clay mines; note penecontemporaneous thrusts
(scale length 5 cm).Sarkar, 2004). Some relatively ﬁner grained sandstones, having
sheet-like geometry and occurring on top of the coarse-grained
sandstone facies, are relatively better sorted, and the presence of
rounded quartz grains and bimodal texture indicate that they
were subsequently reworked by aeolian processes (Folk, 1968;
Chaudhuri, 1977; Chakraborty and Sensarma, 2008; Pye and Tsoar,
2009). The relatively ﬁner banded tuffaceous rocks associated with
the sandstones represent the inferred ﬂoodplain deposits. The very
low angle stratiﬁcations at places (Fig. 8, in the Malti clay mines
section, 230302300N, 860902300E) within the banded tuffaceous
deposits are likely translatent strata (Hunter, 1977; Lancaster, 1995
and references therein) and their presence corroborates aeolian
reworking of ﬂuvial sediments. On the basis of petrographic
studies, Singh (1997, 1998) suggested an aeolian origin of the
Chandil felsic tuffs. In contrast, the ﬁne-grained sandstones
occurring at top of the Chandil succession in and around Barabazar
(23030N, 86210E) close to the CGGC are of marine origin. The
presence of a double mud drape (Fig. 10) further indicates that
these sandstones formed in a subtidal setting (cf. Visser, 1980;
Eriksson and Simpson, 2000, 2004) or in intracratonic playa lakes
(Ainsworth et al., 2012). The ﬁner facies (mica schist) associated
with this sandstone is devoid of any primary structure. The meta-
morphic grade is relatively higher close to the CGGC (Bhattacharya,
1992). Partial melting associated with the emplacement of CGGC
(cf. Chatterjee et al., 2010; Van Loon and Mazumder, 2011; SanyalFigure 10. Alternate thick-thin laminae within the Chandil sandstone, Barabazar; note
each sandy lamina is bounded by mud drape; scale length 5 cm.
Figure 11. Photomicrograph of nepheline syenite of Sushina; note presence of sodic
pyroxene, sodic amphiboles and albite rich plagioclase feldspars, microcline and
excellent perthitic textures.
P. Chatterjee et al. / Geoscience Frontiers 4 (2013) 277e287 283and Sengupta, 2012) and intense shearing and along the SPSZ
(Dasgupta, 2004; Saha and Mazumder, 2012) might have obliter-
ated much of the primary structures present within these ﬁner
clastics. The northerly palaeocurrent obtained from cross-bedded
Chandil quartzites near Bandwan (lat. 215904800N, long.
782305500E; cf. Mazumder, 2005) indicate provenance to the south
and dominance of rock fragments further suggests that the Dalmas
acted as their provenance. However, the Chandil rhyolites
commonly contain multiple populations of zircon grains with
a range of Palaeoproterozoic to Neoarchaean ages (Reddy et al.,
2009).
4.3. Magmatic rocks
In addition to the Dalma maﬁc and Chandil felsic volcanic rocks,
there are amphibolites, gabbro-pyroxenites (Roy et al., 2002b; Bose,
2009), granites, minor alkaline rocks, carbonatites and alkali-
pyroxenites occurring to the north of the Dalma volcanic belt (sub-
basin II of Bose (1994)). Although preliminary mineralogical and
petrological aspects of the alkaline rocks and carbonatites have
been published recently (Chakrabarty and Sen, 2010; Chakrabarty
et al., 2011; Mitchell and Chakrabarty, 2012), detailed petrological
and geochemical works on these rocks are yet to be done. Herein
we brieﬂy summarize the mineralogical and petrological charac-
teristics of these magmatic rocks.
4.3.1. The gabbro-pyroxenite intrusions
The gabbro-pyroxenite bodies are intrusive into the Dalma
volcanic rocks (Roy et al., 2002b). The gabbroic variety exhibits
corroded plagioclase laths, coarse-grained augites with occasional
orthopyroxenes. The pyroxenes are commonly intact while the
plagioclase grains are often sericitized (Roy et al., 2002b). The
pyroxenites are almost entirely made up of augite. In a primitive
mantle-normalized plot, similar to the Dalma tholeiites, these rocks
show a general depletion in high ﬁeld strength elements and LREE
but more or less ﬂat pattern in the most compatible elements (Roy
et al., 2002b, their Fig. 6). Bose (2009) has questioned the temporal
relationship of these gabbro-pyroxenites intrusive with the Dalma
volcanic rocks. In contrast to the low-grade metamorphosed
(greenschist facies) lower Dalma volcanic, the gabbro-pyroxenites
are virtually unaltered (Roy et al., 2002b, p. 134e135).
4.3.2. Kuilapal granite
The ellipsoidal Kuilapal granite gneissic body (Rb-Sr whole rock
isochron age of 1638  38 Ma; Sengupta et al., 1994) occurs in the
eastern part of the belt (Fig. 2). Compositionally it ranges from
trondhjemite, through granodiorite to adamalite, to granite proper
(Dunn and Dey, 1942; Saha, 1994). Although originally described as
a gneissic body with evidence of injection of gneissic material
within the surrounding mica schist along the schistosity (Dunn and
Dey, 1942), subsequent study established that the gneissic rocks
were formed synchronously with the later phase of deformation of
the surrounding metapelites (Ghosh, 1963).
4.3.3. Alkaline rocks
Minor alkaline rock bodies occur in areas very close to the CGGC.
One such locality is Sushina Hill (863602900E, 225701700N), where
the alkaline rocks are best exposed. The Sushina hillock is
composed of syenites with some sodic amphibole rich schists.
Dunn and Dey (1942) described these rocks as “albitite”. Subse-
quent studies reveal that these are not albitite but alkaline rocks
with albite, acmite, nepheline/sodalite, and biotite (Bhattacharya
and Chaudhuri, 1986; Bhattacharya, 1993). Recently Mitchell and
Chakrabarty (2012) have reported Mn-rich eudialyte from the
syenites of Sushina hill.The syenites of the Sushina Hill are coarse-grained plutonic
rocks and are of three different varieties: (1) the most common
variety is characterised by the presence of sodic pyroxene (acmite),
sodic amphiboles, albite rich plagioclase and microcline, and
excellent perthitic textures (Fig. 11); (2) a mica-rich variety is
characterized by green, annite-rich biotite and sodic amphiboles,
and occurs mostly along the ﬂanks of the hillock; and (3) the
nepheline syenite variety, which occurs in the central part of the
Sushina hillock (see also Bhattacharya, 1993). The syenites have
abundant albite megacrysts or aggregates that in turn, give rise to
typical porphyritic texture. At places albite laths (maximum length
12 cm) are arranged in mutually parallel or sub-parallel fashion
giving rise to gneissic textures. The light brown colour in the
groundmass is mostly due to the presence of acmite and nepheline.
4.3.4. Carbonatite-alkali-pyroxenite and apatite-magnetite
association
Basu (1993, 2003) and Chakrabarty and Sen (2010) have re-
ported the occurrence of a minor carbonatite-alkali-pyroxenite and
apatite-magnetite rock association along the SPSZ. Basu (1993)
reported occurrence of carbonatite from Mednitanr and Kutni
areas based on drill-core samples. The carbonatite is exposed only
at Beldih (230302500N, 861706800E). The carbonatite is made up of
subhedral to euhedral calcite and apatite giving rise to the mosaic
texture (Chakrabarty and Sen, 2010, their Fig. 2 with accessory
biotite, amphibole, phlogopite and ilmenite. In signiﬁcant contrast
to their common association elsewhere with silica-undersaturated
rocks, the carbonatites of Beldih are not associated with ijolite,
nepheline syenite or related rocks. This observation goes against
the immiscible liquid separationmodel for the genesis of the Beldih
carbonatites (Chakrabarty and Sen, 2010). Preliminary studies of
Chakrabarty and Sen (2010) suggest derivation of Beldih carbo-
natites from primary carbonatitic magma of mantle descent.
Chakrabarty et al. (2009), based on their studies of alkali amphi-
boles from the Beldih carbonatites, suggest sudden change in
pressure during crystallization of amphiboles and a shallow depth
of intrusion of these rocks.
The alkali-pyroxenite is a dark coloured medium-grained rock
associated with the carbonatite. The subhedral clinopyroxene
grains give rise to a hypidiomorphic texture. Calcite veinlets are
very common. The sodium rich pyroxenite is composed of aegirine-
augite, albite, biotite, apatite and magnetite (Fig. 12). The petro-
graphic observation suggests reaction between pyroxenite and
Figure 12. Photomicrograph of sodium rich pyroxenite at Sushina, showing aegirine-
augite, albite, biotite, apatite and magnetite.
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apatite. This reaction could be a type of fenitization.
A number of apatite-magnetite lenses of variable dimensions
have been reported along the SPSZ. Such rocks are best exposed in
the Beldih apatite mines. These lenses are intruded mostly within
the upper part of the Chandil Formation, close to the CGGC. Clayey
alterations around the apatite-magnetite lenses are very common.
5. The Chhotanagpur Granite Gneissic Complex (CGGC) and
associated tectono-thermal events
The CGGC is an eastewest trending arcuate belt of granite
gneisses, migmatites and metasedimentary rocks that covers an
area approximately 100,000 km2 across the states of West Bengal,
Bihar, Jharkhand, and Chattisgarh (Sanyal and Sengupta, 2012 and
references therein). The southern margin of the CGGC is marked by
an eastewest to ENEeWSW trending brittle-ductile shear zone,
SPSZ. The late Palaeo-Mesoproterozoic Chandil Formation (Nelson
et al., 2007; Reddy et al., 2009; Mazumder et al., 2012a,b, their
Table 1) lies to the south of the SPSZ (Fig. 1A).
The metamorphic evolution of the CGGC in the light of recent
petrological and geochronological data has been critically reviewedFigure 13. Photomicrograph of sodium rich pyroxene of Sushina suggesting reaction
between pyroxenite and calcite with biotitization and formation of albite and
apatite. This reaction could be a type of fenitization. A-A: Aegirine-Augite, Ab: Albite,
Ap: Apatite, Bt: Biotite, Cc: Calcite, Mgt: Magnetite.by Sanyal and Sengupta (2012, their Table 6). The available
geochronological data are indicative of late Palaeoproterozoic
(w1870 Ma, Chatterjee et al., 2010, p. 111e112, their Fig. 10) to
Neoproterozoic (600e800 Ma, Chatterjee et al., 2010; Sanyal and
Sengupta, 2012, their Table 6) tectono-thermal events in the
CGGC. The late Palaeoproterozoic (w1870 Ma) event is associated
with UHT metamorphism (MI) in khondalite, quartzo-feldspathic
gneiss and Mg-Al granulite enclaves within migmatitic charnock-
ite gneiss (T ¼ 900e950 C at 5e8 kbar; Sanyal and Sengupta,
2012). This was followed by the 1500e1600 Ma tectono-thermal
event (Maji et al., 2008; Sanyal and Sengupta, 2012) during which
voluminous felsic magmas were intruded the MI granulites and
these rocks were metamorphosed to formmigmatitic gneisses. The
1600 Ma (U-Pb SHRIMP zircon concordant age) Chandil rhyolites
and associated felsic tuffs (Nelson et al., 2007; Reddy et al., 2009;
Table 1) corroborates this (cf. Mazumder et al., 2012a,b). This felsic
magmatic and attending migmatization event was followed by an
anorthositic and porphyritic granitoid intrusion and high-grade
metamorphism (70050 C, 6.5  1 kbar; MIII metamorphic phase,
see Sanyal and Sengupta, 2012) around 1.2e0.93 Ga (Chatterjee
et al., 2010). A concordant U-Pb SHRIMP age of zircon in Sushina
nepheline bearing syenite corroborates the w920 Ma magmatic
episode (Reddy et al., 2009). The ﬁnal (MIV) metamorphic episode
(600e750 C, 7  1 kbar) is accompanied by maﬁc (amphibolite)
dyke intrusion at during 870e780 Ma (Chatterjee et al., 2010;
Sanyal and Sengupta, 2012, their Table 1).
6. Discussion
The Palaeo-Mesoproterozoic transition (w1600 Ma) is associ-
ated with global thermal perturbation that affected the pre-
1600 Ma landmasses (Condie, 1997; Rogers and Santosh, 2002;
Zhao et al., 2002; Sanyal and Sengupta, 2012). Like other cratonic
blocks of the world, lithospheric thinning, sedimentation, mag-
matism, metamorphism and crustal melting/anatexis are associ-
ated with this signiﬁcant geological event in the Singhbhum
cratonic province as well (Roy et al., 2002a; Mazumder, 2005;
Chatterjee et al., 2010; Saha and Mazumder, 2012; Sanyal and
Sengupta, 2012 and references therein). The Palaeoproterozoic
Dhanjori sedimentation in the Singhbhum craton took place in an
intracontinental rift setting (Mazumder, 2005; Mazumder et al.,
2012a,b and references therein). In contrast to the marine Chai-
basa Formation, the overlying terrestrial (ﬂuvial-aeolian) Dhalb-
hum Formation contains volcanic and volcaniclastic rocks,
indicating volcanic inﬂuences on sedimentation (Sengupta and
Chattopadhyay, 2004; Mazumder et al., 2012a,b). The tectonic
regime of the Dalma volcanism has been interpreted on the basis of
inadequate geochemical data (Chakraborti and Bose, 1985; Bose
et al., 1989; Bose, 2009). Sedimentological and stratigraphic anal-
yses of the Dhalbhum-Dalma succession suggest that the Dalma
volcanism is a consequence of mantle plume upwelling in a conti-
nental rift setting (Mazumder, 2005). Recent sedimentological
analysis of the Dalma volcaniclastic rocks reveals that these are
subaerial deposits (Mazumder and Van Loon, 2012). However, the
lack of information regarding the stratigraphic position of the
Dalma volcanic rocks is themajor impediment to infer the temporal
and/or spatial change in geochemistry of the volcanics. Detailed
geochemical (trace and HFSE elements) characterization of the
Dalma volcanics is an essential prerequisite to understand the
extant mantle and crust-mantle interaction. The w1622 Ma
Chandil felsic volcanism took place in terrestrial (ﬂuvial-aeolian)
setting (discussed earlier). The Rb-Sr age of the Kuilapal granite is
w1630 Ma (Sengupta et al., 1994). The crystallization age of the
Kuilapal granite is yet to be determined. The genetic linkage
between the Dalma and Chandil volcanism, if there was any, is yet
P. Chatterjee et al. / Geoscience Frontiers 4 (2013) 277e287 285to be traced. The origin of carbon in the carbonaceous phyllite
associated with the Chandil rhyolite and felsic tuff is hitherto
unknown.
The earliest Palaeoproterozoic supercontinent Columbia (Nuna)
was formed through amalgamation of older continental blocks
during the period 1900e1800 Ma (Zhao et al., 2003a,b; Zhao et al.,
2004; Reddy and Evans, 2009; Rogers and Santosh, 2009; Meert,
2012). After its ﬁnal amalgamation at around 1800 Ma, Columbia
underwent subduction related growth between 1800 and 1300 Ma
(Zhao et al., 2004). The w1600 Ma felsic magmatism is well
documented in the Singhbhum (Sengupta et al., 1994; Nelson et al.,
2007; Reddy et al., 2009; Table 1). Voluminous felsic magmas
intruded thew1870 Ma old MI granulite enclaves within the CGGC
and were subsequently metamorphosed to form migmatitic felsic
gneisses (MII) around 1660e1550 Ma (Sanyal and Sengupta, 2012).
Thermal events around 1400e1500 Ma have been recorded by
earlier researchers from the litho-units of the Dalma and Chandil
Formations (see Table 1). The 1800e1700Ma felsic magmatism and
high-grade metamorphism is reported from the Aravalli-Delhi Fold
Belt (ADFB), Central Indian Tectonic Zone (CITZ), and the Eastern
Ghats Belt and it has been postulated that the Archaean crustal
blocks of the north Indian Shield were joined together by the
Palaeoproterozoic orogens of the ADFB, CITZ, CGGC and NSMB
(Sanyal and Sengupta, 2012, p. 140e141).
The status and geological signiﬁcance of the northerly convex
SPSZ is still a matter of speculation (cf. Dasgupta, 2004; Saha and
Mazumder, 2012). A concordant U-Pb SHRIMP date of zircon from
the nepheline syenite from the SPSZ ﬁxes the crystallization of the
alkaline magmatism at w922 Ma (Reddy et al., 2009). The ages of
carbonatite, alkali granite and alkaline ultramaﬁc magmatism are
hitherto unknown. According to Sengupta and Chattopadhyay
(2004), the southerly vergence of the structures in the NSMB indi-
cates that evidence of ancient collisional features, if there are any,
should be searched for in terrain further north of the NSMB. The
nature of displacement along the SPSZ and the relative chronology
of the tectonic movements have not been properly integrated into
the existing tectonic models based on our understanding of the
modern plate tectonic settings (Saha and Mazumder, 2012). A
detailed multidisciplinary geo-scientiﬁc research programme in the
Dalma volcanic belt and to its north (Chandil Formation) and further
north in the CGGC with its granulite facies enclaves is therefore
essential to constrain the surface processes and crust-mantle
interactions during the PalaeoproterozoiceMesoproterozoic tran-
sition. This will enable us to constrain the collisional event(s)
between the North and South Indian cratonic blocks and to antici-
pate the position of India in the Columbia Supercontinent.
Acknowledgements
Financial support for this research came from the Department of
Science and Technology, Government of India (to RM, SD and PC),
the Yokohama National University, Japan (to MR and MA), and the
School of Biology, Earth and Environmental Sciences, the University
of New South Wales, Australia (to RM). Dr. Juan Pedro Rodriguez
Lopez kindly studied and commented on the photomicrograph of
the Chandil sandstone. PC, SD, and RM are grateful to Dr. T. Bhat-
tacharya, University of Calcutta for helpful discussion. The authors
are grateful to two anonymous reviewers for their comments and to
Prof. S. Mohanty for his invitation to submit this paper.
References
Acharyya, S.K., 2003. A plate tectonic model for Proterozoic Crustal evolution of
Central Indian Tectonic Zone. Gondwana Geological Magazine 7, 9e31.Acharyya, S.K., Gupta, A., Orihashi, Y., 2010a. New U-Pb zircon ages from Palaeo-
Mesoarchean TTG gneisses of the Singhbhum Craton, eastern India.
Geochemical Journal 44, 81e88.
Acharyya, S.K., Gupta, A., Orihashi, Y., 2010b. Neoarchaean-Palaeoproterozoic stra-
tigraphy of the Dhanjori basin, Singhbhum Craton, Eastern India and recording
of a few U-Pb zircon dates from its basal part. Journal of Asian Earth Science 39,
527e536.
Ainsworth, B.R., Hasiotis, S.T., Amos, K.J., Krapf, C.B.E., Payenberg, T.H.D.,
Sandstrom, M.L., Vakarelov, B.K., Lang, S.C., 2012. Tidal signatures in an intra-
cratonic playa lake. Geology 40, 607e610.
Arndt, N.T., Fowler, A., 2004. Textures in komatiites and variolitic basalts. In:
Eriksson, P.G., Altermann, W., Nelson, D.R., Mueller, W.U., Catuneanu, O. (Eds.),
The Precambrian Earth: Tempos and Events. Elsevier, Amsterdam, pp. 298e311.
Arndt, N.T., Nesbitt, R.W., 1982. Geochemistry of Munro Township basalts. In:
Arndt, N.T., Nisbet, E.G. (Eds.), Komatiites. George Allen and Unwin, London,
pp. 309e330.
Arndt, N., Lesher, C.M., Barnes, S.J., 2008. Komatiites. Cambridge University Press,
p. 467.
Bandyopadhyay, P.K., Chakrabarti, A.K., Deomurari, M.P., Misra, S., 2001. 2.8 Ga old
anorogenic granite-acid volcanic association from western margin of
Singhbhum-Orissa craton, eastern India. Gondwana Research 4, 465e475.
Basu, A.R., Sharma, M., Premo, W.R., 1996. U-Pb age of an older Metamorphic Group
mica schist: earliest terrain of the eastern Indian Craton. In: Saha, A.K. (Ed.),
Recent Researches in Geology and Geophysics of the Precambrians, Recent
Researches in Geology 16. Hindustan Publishing Corporation, New Delhi,
pp. 93e102.
Basu, A.R., Bandyopadhyay, P.K., Chakraborti, R., Zou, H., 2008. Large 3.4 Ga Algoma
type BIF in the Eastern Indian Craton. Geochimica et Cosmochimica Acta 72,
A59. 12S-Goldschmidt 2008 Conference Abstract Volume.
Basu, S.K., 1993. Alkaline-Carbonatite Complex in Precambrian of South Purulia
Shear Zone, Eastern India: its characteristics and mineral potentialities. Indian
Minerals 47, 179e194.
Basu, S.K., 2003. Petrogenetic model for evolution of Alkaline-Carbonatite Complex
along Tamar-Porapahar Shear Zone in North Singhbhum Proterozoic Mobile
Belt, Eastern India and its metallogenic aspects. Journal of the Geological
Society of India 62, 250e252.
Bhattacharya, C., Chaudhuri, K., 1986. Foid syenites and sodic schists from Sushina
Hill, Purulia Dt. W.B. Indian Journal of Earth Sciences 13, 339e342.
Bhattacharya, D.S., Bhattacharya, T.K., 1970. Geological and geophysical investiga-
tions of a basaltic layer in Archaean terrain of eastern India. Geological Society
of America Bulletin 81, 3073e3078.
Bhattacharya, D.S., Dasgupta, D., 1979. Chemical clues to the origin of basic frag-
ments embedded in a basaltic suite of the Precambrian metamorphic terrain of
Singhbhum, eastern India. Contributions to Mineralogy and Petrology 71,
177e183.
Bhattacharya, H.N., 1991. A reappraisal of the depositional environment of the
Precambrian metasediments around Ghatshila-Galudih, eastern Singhbhum.
Journal of the Geological Society of India 37, 47e54.
Bhattacharya, H.N., Bandyopadhyay, S., 1998. Seismites in a Proterozoic tidal
succession, Singhbhum, Bihar, India. Sedimentary Geology 119, 239e252.
Bhattacharya, H.N., Mahapatra, S., 2008. Evolution of the Proterozoic rift margin
sediments-North Singhbhum Mobile Belt, Jharkhand-Orissa, India. Precambrian
Research 162, 302e316.
Bhattacharya, S., 1992. Evolution of Singhbhum mobile belt by continental rifting
and implications of the geochemistry of Purulia amphibolites. Indian Journal of
Earth Sciences 19, 9e17.
Bhattacharya, S., 1993. An anorogenic alkaline suite from Singhbhum Mobile belt in
South Purulia. WB. Indian Minerals 47, 67e72.
Bose, M.K., 1994. Sedimentation pattern and tectonic evolution of the Protero-
zoic Singhbhum basin in the eastern Indian shield. Tectonophysics 231,
325e346.
Bose, M.K., 2000. Maﬁc-ultramaﬁc magmatism in the eastern Indian craton e
a review. Geological Survey of India, Special Publication no. 55, 227e258.
Bose, M.K., 2009. Precambrian Maﬁc Magmatism in the Singhbhum Craton, Eastern
India. Journal of the Geological Society of India 73, 13e35.
Bose, M.K., Chakraborti, M.K., 1981. Fossil marginal basin from the Indian shield:
a model for the evolution of Singhbhum Precambrian belt, eastern India.
Geologische Rundschau 70, 504e518.
Bose, M.K., Chakrabarti, M.K., Saunders, A.D., 1989. Petrochemistry of the lavas from
Proterozoic Dalma volcanic belt, Singhbhum, eastern India. Geologische Run-
dschau 78, 633e648.
Bose, P.K., Mazumder, R., Sarkar, S., 1997. Tidal sandwaves and related storm
deposits in the transgressive Proterozoic Chaibasa Formation, India. Precam-
brian Research 84, 63e81.
Chaudhuri, A.K., 1977. Inﬂuence of Eolian processes on the Precambrian sand-
stones of the Godavari Valley, South India. Precambrian Research 4,
339e360.
Chakrabarty, A., Sen, A.K., 2010. Enigmatic association of the carbonatite and alkali-
pyroxenite along the Northern Shear Zone, Purulia, West Bengal: a saga of
primary magmatic carbonatite. Journal of the Geological Society of India 76,
403e413.
Chakrabarty, A., Sen, A.K., Ghosh, T.K., 2009. Amphibole e a key indicator mineral
for petrogenesis of carbonatite from Purulia, West Bengal, India. Mineralogy
and Petrology 95, 105e112.
P. Chatterjee et al. / Geoscience Frontiers 4 (2013) 277e287286Chakrabarty, A., Pruseth, K.L., Sen, A.K., 2011. First report of eudialyte occurrence
from Sushina Hill region, Purulia District, West Bengal. Journal of the Geological
Society of India 77, 12e16.
Chakraborti, M.K., Bose, M.K., 1985. Evaluation of the tectonic setting of Precam-
brian Dalma volcanic belt, eastern India using trace element data. Precambrian
Research 28, 253e268.
Chakraborty, T., Sensarma, S., 2008. Shallow marine and coastal eolian quartz
arenites in the Neoarchean-Palaeoproterozoic Karutola Formation, Dongargarh
Volcano-sedimentary succession, central India. Precambrian Research 162,
284e301.
Chatterjee, N., Banerjee, M., Bhattacharya, A., Maji, A.K., 2010. Monazite chronology,
metamorphism-anatexis and tectonic relevance of the Eastern Indian Tectonic
Zone. Precambrian Research 179, 99e120.
Condie, K.C., 1997. Plate Tectonics and Crustal Evolution, Fourth ed. Butterworth-
Heinmann, Oxford, p. 282.
Dasgupta, S., 2004. Modelling ancient orogens e an example from North Singhb-
hum Mobile Belt. In: Proceedings of the Workshop on (IGCP-453): Uniformi-
tarianism Revised Edition on Orogens of India, vol. 84. Geological Survey of
India, Special Publication, pp. 33e42.
De, A., 1964. Precambrian Dalma Dhanjori volcanicity of E. India and its stratigraphic
signiﬁcance. Proceedings of the International Geological Congress 10, 59e70.
Dunn, J.D., Dey, A.K., 1942. The geology and petrology of Eastern Singhbhum and
surrounding areas. Memoir Geological Survey of India 69 (2), 281e456.
Eriksson, K.A., 1995. Crustal growth, surface processes, and atmospheric evolution
on the early Earth. In: Coward, M.P., Ries, A.C. (Eds.), Early Precambrian
Processes, vol. 95. Geological Society London Special Publications, pp. 11e25.
Eriksson, P.G., Condie, K.C., Trisgaard, H., Muller, W., Altermann, W., Catuneanu, O.,
Chiarenzali, J., 1998. Precambrian clastic sedimentation systems. Sedimentary
Geology 120, 5e53.
Eriksson, P.G., Mazumder, R., Sarkar, S., Bose, P.K., Altermann, W., Van Der Merwe, R.,
1999. The 2.7e.20 Ga volcano-sedimentary record of Africa, India and Australia:
evidence for global and local changes in sea level and continental freeboard.
Precambrian Research 97, 269e302.
Eriksson, P.G., Mazumder, R., Catuneanu, O., Bumby, A.J., Ountsche Ilondo, B., 2006.
Precambrian continental freeboard and geological evolution: a time perspec-
tive. Earth-Science Reviews 79, 165e204.
Eriksson, K.A., Simpson, E.L., 2000. Quantifying the oldest tidal record: the 3.2 Ga
Moodies Group, Barberton Greenstone Belt, South Africa. Geology 28, 831e834.
Eriksson, K.A., Simpson, E.L., 2004. Precambrian tidalites: recognition and signiﬁ-
cance. In: Eriksson, P.G., Altermann, W., Nelson, D., Mueller, W., Cateneanu, O.,
Strand, K. (Eds.), Tempos and Events in Precambrian Time: Developments in
Precambrian Geology, vol. 12. Elsevier Science, Amsterdam.
Eriksson, P., Banerjee, S., Catuneanu, O., Corcoran, P.L., Eriksson, K.A., Haitt, E.E.,
Lalfamme, M., Lenhardt, N., Long, D.G.F., Maill, A.D., Mints, M.V., Pufahl, P.K.,
Sarkar, S., Simpson, E.L., Williams, G.E., 2012. Secular changes in sedimentation
systems and sequence stratigraphy. Gondwana Research. http://dx.doi.org/10.
1016/j.gr.2012.09.008.
Folk, R.L., 1968. Bimodal supermature sandstones: product of the desert ﬂoor. Proc
23rd International Geological Congress Prague Section 8, 9e32.
Ghosh, S.K., 1963. Structural, metamorphic and migmatitic history of the area
around Kuilapal, eastern India. Quarterly Journal of the Geological, Mineralog-
ical and Metallurgical Society of India 35, 211e234.
Gupta, A., Basu, A., 1991. Evolutionary trend of the maﬁc-ultramaﬁc volcanism in
the Proterozoic North Singhbhum mobile belt. Indian Minerals 45, 273e283.
Gupta, A., Basu, A., 2000. North Singhbhum mobile belt. Eastern India - a review.
Geological Survey of India 55, 195e226 (special issue).
Gupta, A., Basu, A., Ghosh, P.K., 1980. The Proterozoic ultramaﬁc and maﬁc lavas and
tuffs of the Dalma greenstone belt, Singhbhum, eastern India. Canadian Journal
of Earth Sciences 17, 210e231.
Gupta, A., Basu, A., Ghosh, P.K., 1982. Ultramaﬁc volcaniclastics of the Precambrian
Dalma volcanic belt, Singhbhum, Eastern India. Geological Magazine 119,
505e510.
Hunter, R.E., 1977. Terminology of cross-stratiﬁed sedimentary layers and climbing-
ripple structures. Journal of Sedimentary Petrology 47, 697e706.
Iyenger, S.V.P., Chandy, K.C., Narayanaswamy, R., 1981. Geochronology and RbeSr
systematics of the igneous rocks of the Simlipal complex, Orissa. Indian Journal
of Earth Sciences 8, 61e65.
Krishna Rao, N., Agarwal, S.K., Rao, G.V.U., 1979. Lead isotopic ratio of uraninites and
the age of uranium mineralisation in Singhbhum Shear Zone, Bihar. Journal of
the Geological Society of India 20, 24e27.
Lancaster, N., 1995. Geomorphology of Desert Dunes. Routledge, p. 244.
Mahato, S., Goon, S., Bhattacharya, A., Mishra, B., Bernhardt, H.-J., 2008. Thermo-
tectonic evolution of the North Singhbhum Mobile Belt (Eastern India): a view
from the western part of the belt. Precambrian Research 162, 102e127.
Maji, A.K., Goon, S., Bhattacharya, A., Mishra, B., Mahato, S., Bernhardt, H.-J., 2008.
Proterozoic polyphase metamorphism and the lack of Paleozoic Pan African
suture in the Chhotanagpur Gneissic Complex (Eastern India). Precambrian
Research 162, 385e402.
Mazumder, R., 2003. Correlations between the Eastern Block of the North China
Craton and the South Indian Block of the Indian Shield: an Archaean to
Palaeoproterozoic link e comment. Precambrian Research 127, 379e380.
Mazumder, R., 2005. Proterozoic sedimentation and volcanism in the Singhbhum
crustal province, India and their implications. Sedimentary Geology 176,
167e193.Mazumder, R., Arima, M., 2009. Implication of maﬁc magmatism in an intra-
continental rift setting: a case study from the Palaeoproterozoic Dhanjori
Formation, Singhbhum crustal province, India. Journal of Geology 117, 455e466.
Mazumder, R., Bose, P.K., Sarkar, S., 2000. A commentary on the tectono-
sedimentary record of the pre-2.0 Ga continental growth of India vis-à-vis
Pre-Gondwana Afro-Indian supercontinent. Journal of African Earth Sciences
30, 201e217.
Mazumder, R., Eriksson, P.G., De, S., Bumby, A.J., Lenhardt, N., 2012a. Palae-
oproterozoic sedimentation on the Singhbhum craton: global context and
comparison with Kaapvaal. In: Mazumder, R., Saha, D. (Eds.), Palaeoproterozoic
of India, vol. 365. Geological Society of London, Special Publications, pp. 51e76.
http://dx.doi.org/10.1144/SP365.4.
Mazumder, R., Van Loon, A.J., Mallik, L., Reddy, S.M., Arima, M., Altermann, W.,
Eriksson, P.G., De, S., 2012b. Mesoarchaean-Palaeoproterozoic stratigraphic
record of the Singhbhum Crustal Province, Eastern India: a synthesis. In:
Mazumder, R., Saha, D. (Eds.), Palaeoproterozoic of India, vol. 365. Geological
Society of London, Special Publications, pp. 31e49. http://dx.doi.org/10.1144/
SP365.3.
Mazumder, R., Saha, D., 2009. Palaeoproterozoic of Singhbhum Crustal Province.
Field Guide Book, Indian Statistical Institute, Kolkata, p. 24.
Mazumder, R., Sarkar, S., 2004. Sedimentation history of the Palaeoproterozoic
Dhanjori Formation, Singhbhum, India and its implications. Precambrian
Research 130, 267e287.
Mazumder, R., Van Loon, A.J., 2012. Depositional history of diamictites from the Late
Paleoproterozoic Dalma Formation (E India). Sedimentary Geology 251e252,
49e57.
Meert, J.G., 2012. What’s in a name? The Columbia (Paleopangea/Nuna) super-
continent. Gondwana Research 21, 987e993.
Miall, A.D., 1996. The Geology of Fluvial Deposits: Sedimentary Facies, Basin Anal-
ysis and Petroleum Geology. Springer-Verlag Inc., Berlin, p. 582.
Mitchell, R.H., Chakrabarty, A., 2012. Paragenesis and decomposition assemblage of
a Mn-rich eudialyte from the Sushina peralkaline nepheline syenite gneiss,
Paschim Banga, India. Lithos 152, 218e226.
Mishra, S., Deomurari, M.P., Wiedenbeck, M., Goswami, J.N., Ray, S., Saha, A.K., 1999.
207Pb/206Pb zircon ages and the evolution of the Singhbhum Craton, eastern
India: an ion microprobe study. Precambrian Research 93, 139e151.
Mukhopadhyay, D., 2001. The Archaean nucleus of Singhbhum: the present state of
knowledge. Gondwana Research 4, 307e318.
Mukhopadhyay, J., Beukes, N.J., Armstrong, R.A., Zimmermann, U., Ghosh, G.,
Medda, R.A., 2008. Dating the oldest Greenstone in India: a 3.51 Ga precise U-Pb
SHRIMP zircon age for dacitic lava of the Southern Iron Ore Group, Singhbhum
Craton. Journal of Geology 116, 449e461.
Naha, K., Ghosh, S.K., 1960. Archaean palaeogeography of E. and N. Singhbhum.
Geological Magazine 97, 436e439.
Nelson, D.R., Bhattacharya, H.N., Misra, S., Dasgupta, N., Altermann, W., 2007. New
SHRIMP UePb zircon dates from the Singhbhum craton, JharkhandeOrissa
region, India. Abstract. In: Banerjee, S. (Ed.), International Conference on
Precambrian Sedimentation and Tectonics and the Second GPSS Meeting.
Indian Institute of Technology, Bombay.
Pye, K., Tsoar, H., 2009. Aeolian Sand and Sand Dunes, Second ed. Springer, Berlin,
p. 458.
Ray, K.K., Ghosh-Roy, A.K., Sengupta, S., 1996. Acid volcanic rocks between the
Dalma volcanic belt and Chhotanagpur gneissic complex, east Singhbhum and
Purulia districts of Bihar and West Bengal. Indian Mineralogist 50, 1e8.
Reddy, S.M., Clarke, C., Mazumder, R., 2009. Temporal constraints on the evolution
of the Singhbhum Crustal Province from U-Pb SHRIMP data. In: Saha, D.,
Mazumder, R. (Eds.), Paleoproterozoic Supercontinents and Global Evolution.
International Association for Gondwana Research Conference Series, Abstract
volume, vol. 9, pp. 17e18.
Reddy, S.M., Evans, D.A.D., 2009. Palaeoproterozoic supercontinents and global
evolution: correlations from core to atmosphere. In: Reddy, S.M., Mazumder, R.,
Evans, D.A.D., Collins, A. (Eds.), Palaeoproterozoic Supercontinents and Global
Evolution, vol. 323. Geological Society of London Special Publication, pp. 1e26.
Rekha, S., Upadhyay, D., Bhattacharya, A., Kooijman, E., Goon, S., Mahato, S.,
Pant, N.C., 2011. Lithostructural and chronological constraints for tectonic
restoration of Proterozoic accretion in the Eastern Indian Precambrian shield.
Precambrian Research 187, 313e333.
Rogers, J.J.W., Santosh, M., 2002. Conﬁguration of Columbia, a Mesoproterozoic
supercontinent. Gondwana Research 5, 5e22.
Rogers, J.J.W., Santosh, M., 2009. Tectonics and surface effects of the supercontinent
Columbia. Gondwana Research 15, 373e380.
Roy, A., Sarkar, A., Jeyakumar, S., Aggrawal, S.K., Ebihara, M., 2002a. Mid-Proterozoic
plume-related thermal event in Eastern Indian craton: evidence from trace
elements, REE geochemistry and SreNd isotope systematics of basic-ultrabasic
intrusive from Dalma Volcanic Belt. Gondwana Research 5, 133e146.
Roy, A., Sarkar, A., Jeyakumar, S., Aggrawal, S.K., Ebihara, M., 2002b. SmeNd age and
mantle characteristics of the Dhanjori volcanic rocks, Eastern India.
Geochemical Journal 36, 503e518.
Saha, A.K., 1994. Crustal evolution of Singhbhum-North, Orissa, eastern India.
Geological Society of India Memoir 27, 341.
Saha, D., Mazumder, R., 2012. An overview of the Palaeoproterozoic geology of
Peninsular India, and key stratigraphic and tectonic issues. In: Mazumder, R.,
Saha, D. (Eds.), Palaeoproterozoic of India, vol. 365. Geological Society of
London, Special Publication, pp. 5e29. http://dx.doi.org/10.1144/SP365.2.
P. Chatterjee et al. / Geoscience Frontiers 4 (2013) 277e287 287Sanyal, S., Sengupta, P., 2012. Metamorphic evolution of the Chhotanagpur Granite
Gneiss Complex of the East Indian Shield: current status. Geological Society of
London, Special Publications, 365, 117e145. http://dx.doi.org/10.1144/SP365.7.
Sarkar, S.N., Ghosh, D.K., Lambert, R. J. St, 1986. Rubidium-Strontium and lead isotopic
studies of the Soda granites from Musaboni area, Singhbhum Copper Belt. In:
Sarkar, S.N., associates (Eds.),GeologyandGeochemistryofSulphideOreBodiesand
associated Rocks in Musaboni and Rakha Mines Section in the Singhbhum Copper
Belt. Diamond Jubilee Monograph, Indian School of Mines Dhanbad, pp. 101e110.
Sarkar, S.N., Saha, A.K., 1962. A revision of the Precambrian stratigraphy and
tectonics of Singhbhum and adjacent region. Quarterly Journal of the Geolog-
ical, Mineralogical and Metallurgical Society of India 34, 97e136.
Sengupta, S., Paul, D.K., Bishui, P.K., Gupta, S.N., Chakraborty, R., Sen, P., 1994.
A geochemical and Rb-Sr isotopic study of Kuilapal granite and Arkasoni
granophyre from the eastern Indian craton. Indian Minerals 48, 77e88.
Sengupta, S., Chattopadhyay, B., 2004. Singhbhum Mobile Belt - how far it ﬁts an
ancient orogen. Geological Survey of India 84, 24e31 (special issue).
Sengupta, S., Mukhopadhaya, P.K., 2000. Sequence of Precambrian events in the
eastern Indian craton. Geological Survey of India Special Publication 57, 49e56.
Sengupta, S., Sarkar, G., Ghosh Roy, A.K., Bhaduri, S.K., Gupta, S.N., Mandal, A., 2000.
Geochemistry and RbeSr Geochronology of acid tuffs from the northern fringe
of the Singhbhum craton and their signiﬁcance in the Precambrian evolution.
Indian Minerals 54, 43e56.
Singh, S.P., 1997. Geochemistry of acid volcanics of the Dalma Group, Singhbhum,
Eastern India. Journal of the Geological Society of India 49, 437e441.
Singh, S.P., 1998. Precambrian stratigraphy of Bihar d an overview. In: Paliwal, B.S.
(Ed.), The Indian Precambrian. Scientiﬁc Publishers, Jodhpur, pp. 376e408.Tait, J., Zimmermann, U., Miyazaki, T., Presnyakov, S., Chang, Q., Mukhopadhyay, J.,
Sergeev, S., 2011. Possible juvenile Palaeoarchaean TTG magmatism in eastern
India and its constraints for the evolution of the Singhbhum craton. Geological
Magazine 148, 340e347.
Van Loon, A.J., Mazumder, R., 2011. Can once lithiﬁed rocks later undergo soft-
sediment deformation? Sedimentary Geology 238 (1e2), 101e105.
Visser, M.J., 1980. Neap-spring cycles reﬂected in Holocene subtidal largescale
bedform deposits: a preliminary note. Geology 48, 543e546.
Vohra, C.P., Dasgupta, S., Paul, D.K., Bishoi, P.K., Gupta, S.N., Guha, S., 1991. RbeSr
chronology and petrochemistry of granitoids from the southeastern part of
the Singhbhum craton, Orissa. Journal of the Geological Society of India 38,
5e22.
Yellur, D.D., 1977. Geochemical clues in the investigation of tectonic environment of
the Dalma greenstones, Bihar, India. Chemical Geology 20, 345e363.
Zhao, G.C., Cawood, P.A., Wilde, S.A., Sun, M., 2002. Review of global 2.1-1.8 Ga
orogens: implications for a pre-Rodinia supercontinent. Earth Science Reviews
59, 125e162.
Zhao, G., Sun, M., Wilde, S.A., 2003a. Correlations between the Eastern Block of the
North China Craton and the South Indian block of the Indian shield: an
Archaean to Palaeoproterozoic link. Precambrian Research 122, 201e233.
Zhao, G., Sun, M., Wilde, S.A., 2003b. Correlations between the Eastern Block of the
North China Craton and the South Indian block of the Indian shield: an
Archaean to Palaeoproterozoic link - reply to comment by Rajat Mazumder.
Precambrian Research 127, 381e383.
Zhao, G.C., Sun, M., Wilde, S.A., Li, S.Z., 2004. A Paleo-Mesoproterozoic supercon-
tinent: assembly, growth and breakup. Earth Science Reviews 67, 91e123.
